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Abstract

The free-flooding cylindrical transducer devoid of
pressure-release material combines resistance to hydrostatic
pressure with design flexibility resulting from the existence
of resonances primarily controlled by two independent dimen-
sions: the radius, whick controls the structural (ring) reso-
nance, and the axial length which determines the acoustic
{"squirter") resonance. Values of radiation impedance generated
for a squirter of vaaishing wall thickness from an integral
equation formilation of the free-flcoding cylinder of finite
length, were used to compute curves of dimensionless natural
frequency vs. squirter aspect ratio (ratio of length to diameter)
and of motional conductance vs. dimensionless freguency. It is
concluded that (a) squirters of small aspect ratio sre undesirable,
(b) squirters of medium and large sspect ratio can combine wide
bandwidths with substantial conductance levels; (c) sguirters

“h large aspect ratlios should have in vacuo natural frequencies
substantially lower than generally obtained with transéucer
materials; the natural frequency can be lowered to the desired
value by attaching axially oriented inertia wedges to the
squirter; (d) near-coincidence of the acoustical {squirter)
resonance with the structural (ring) resonance can produce an
exceptionally wide bandwidth for sguirters of large aspect ratio
provided the slopes of the transducer and radlation reectances
mutually compensate near the in vacuo natural frequency, thus
producing a fregquency range of near -resonant condition. An
equatior is derived which the transducer parameters must satisfy
t0 produce this condition.
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area of shell = lxaL

mean radius of free-flooding cylindrical shell

sound velocity in water

effective bar velocity of transducer material

Young's modulus of transducer material

thickness of shell

acoustic wave number, w/c

dimensionless natural frequency of ring resonance of submerged transducer
dimensionless squirter resonance at which peak radiation resistance occurs
half-length of shell

raediastion resistance

radiation reactance

mechanical reactance of transducer in vacuo

combined mechanical and radiation impedance ¢f submerged transducer
radiation impedance

mechanical impedance of ‘ransducer in vacuo

acoustic resistance

effective resistance ratio assoclated with structural losses
density of water

effective density of transducer material

acoustic reactance ratio

circular frequency

circuler natural frequency of radial shell mode in vacuo and submerged,
respectively
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I. ADVARTAGES OF THE "SQUIRTER" CONCEPT

A. Deep Submergence

Sonar transducers arranged in a planar array are usually decoupled from the
fluid medium along a boundary parallel to their radiating surface. This de-
coupling is achieved by an air cavity or a coating of "pressure-release"
material. Alternatively, the transducer material may form a shell enclosing
an eir cavity. The result is a structure whose operating depth is limited by
its ability to withstand hydrostatic pressure without collapsing. Because it
is frequently advantageous to operate a sonar transducer in or below the SOFAR
channel, a source configuration effectively impervious to hydrostatic pressure
presents great practical advantages. The free-flooding, radially vibrating cy-
lindrical shell or squirter, devoid of any pressure-release lining, exemplifies
such a configuration.

B. Design Flexibility

Conventionel transducers display a single uatural frequency of significance
within their operating frequency range. %The mass-like acoustic radiavion load-
ing shifts this natural frequency below its in vacuo value. In coantrast, the
radiation loading of a free~flooding cylinder can be stiffness-like, thus
raising the natural frequency above its in vacuo values. Of greater practical
importance is the existence of twc resonances, one primarily structural and the
other primarily acoustical. Limiting our calculctions to a cylinder whose
half-length L does not exceed 1.2 times its radius a, this structural resonance
is associated with radial ring modes whose freguency is determined primarily
by a, and by the bar velocity c, of the transducer material. The acoustical
resonance 1ls associated with a longitudinal vibration of the liquid column
and is determined primarily by the length 2L and the sound velocity c of water.
The respective location of these two resonances can be adjusted by varying the
aspect ratio L/a. The relative magnitude of these two natural frequencies will
be shown to determine the bandwidth and power level of the tramsducer. In
summary, the existence of two resonances each depending on a difrerent trans-
ducer dimension provides an unusual degree of flexibility in designing a
transducer for given specifications.
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II. REVIEW OF SQUIRTER STUDIES

A. Summary of Experimental and Early Analytical Studies

The squirter concept has been the subject of extensive experimentation and
development work. In fact, the largest single sonar transducer reported in the
literature is a magnetostrictive (nickel-cobalt) squirter of 12 ft diameter
(L/a ~ 1/13) containing over £ tons of transducer material, built by the Bendix
Corporation. The remarkable reliability of the magnetostrictive squirter de-
void of pressure-release material mekes it suitable for long-term unattended
operation at great depth. A successful example of such a system is the SNAP-TE
atomically powered squirter mocred at a depth of 2000 fathoms. These and other
developments in the area of magnetostrictive squirters through 1966 are de-
scribed in a review paper by Bulwmer, Meyers and Parssinen.1 Experimental
studies have been performed on magnetostrictive squirters at the USN Underwater
Sound Laboratory,l and the U.S. Naval Research Laboratory,2 and on ceramic
squirters at the U.S. Navy Electronics Laboratory,3 now the U.5. Navy Undersea
Warfare Center, and at Cenada's Defence Research Establishment Atlautic.h

In spite of this significant experimental and development effort an
analytical basis for designing free-flooding transducers devoid of pressure-
release material has not been available until recently. The earliest analysis
of the squirter is due to Robey,5 who considered a free-flooding cylindrical
shell radiating from its cpen ends which were surrounded by infinite plane
baffles, thus eliminating radiation loading on the outer surface of the
squirter. The radiation loading on this outer surface can be approximated by
a solution also derived by Robey6 for a radially pulsating cylinder extended
by two semi-infinite rigid cylindrical baffles. The mathematical model thwus
evolved can not account for the acoustical interaction between the inner and
outer squirter surfaces. More recently tue radiation 1lc :ding has been approxi-
mated in terms of spheroidal7 and toroidal8 wave harmonics.

B. The Present Study

This study utilizes numerical results generated by Mary Duncan and her co-
vorkers9 from an integral equation formulation of the radiation losding on a
squirter of vanishing wall thickness.lo The integral equation is comstructed
by combining the solution for the souud field outside an infinite cyliader
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vivowd ohrmife il



e e e e -

T -0 R T o . magme . e e

bk
A

excited over a finite length ,6 and the equivalent solution for the sound field
inside this same cylj.nder.ll The radial velocity over the length of the
squirter, on the surface defined in cylindrical coordinates as r=a, -L <z <L,
is prescribed and equal to a constant, U. The radial velocity distribution over
two semi-infinite cylinders extending tke squirter (r=a, - ® <z < -L and

L < z < ®) is an unknown function of z, say Ux(z). If one sets a(z) = 0, one

§ obtains a Robey-type radiation impedance ZR which ignores acoustic coupling be-

tween the inner and outer squirter surface. The actual radiation impedance Z

is obtained by adding to ZR the transfer impedance Za generated by the unknown
radial velocity distribution Wa(z) across the two semi-infinite cylinders pro-
longing the squirter proper:

Z=2g+72, (2)

The unknown velocity distribution satisfies the integral equation which states
the requirement that the pressure field obtained for the outer6 and :i.nnerll
regions be countinuous over the two boundaries r=a, |z‘ > L of these two regions.
The effect of & non-vanishing wall thickness h can be approximated by assuming
that the thin layer of liquid in the semi-infinite cylindrical shells
(1zt > L, a3 h < r < a+3 h) extending the squirter is radially incompressible.
The integral equation thus obtained states that the pressure differsntial be-
tween the inner and outer regions, p(a-ih,z) - p{e+ih,z), must equal the
inertia force exerted by a unit area of liquid shell,i.e. -iwphUx(z). Since the
integral equation formulation includes non-axisymmetric vibrations ,10 these
calculations can be extended to deal with parasitic, e.g. rocking modes of the
squirter.

The transfer impedance Za can be approximated by means of a variational
Rayleigh-Ritz type pro-edure because Za is proportional to a functional which

10

is stationary with respect to the correct sclution a(z) of the integral equa-
tion.lo Duncan,9 however, used a numerical technique to evaluate the squirter

impedance. It is these results on which the present study is based.
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ITI. INTERACTION FETWEEN STRUCTURAL (RING) AND ACOUSTIC (SQUIRTEF)
RESONANCES*

A. Ring Resonances

The in vacuo circular natural frequency of a ring or cylindrical shell
of aspect ratio Lfa < 1.2 1512

= ct/a (2)

w
nv

Here, cy is the bar velocity of the transducer materisal,

, = (&/p,)
E is the Young's modulus and Py the effective density of the material. This
density accounts for extreneous masses, e.g. windings, which contribute to the
kinetic energy of the vibrating transducer and thus decrease the natural fre-
quency. The natural frequency can also be lowered by inertia clements intro-
duced specifically to achieve a prescribed lower natural frequency withouti
increasing the squirter radius. This procedure, which consists in attaching

axially oriented wedges to the shell or ring, is described in a number of .
13,14,15

patents.
The motional impedance in vacuo can be written in terms of the
natural frequency and of the mass hAp, of the transducer:

Z, = - imhApt f1- (wnv/a))2] (3)

where
A= 4 na L.

The impedance in Eq. 3 is purely reactive. The neglect of damping is usually
acceptable if one considers submerged, i.e. radiation-damped squirters. A
situation where struct-ral dsmping must be introduced arises when studying
squirters driven at their ring resonance, for aspect ratios L/a < 107
when the radiation resistance is extremely sm11.9 This situation is handled
by introducing an effective structural resistance ratio (see Eq. 13).

s i.e.,

*In Merriveather's romenclature, Ref. 3.
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When the transducer is submerged the transducer impedance Zt combines with
the radiation impedance Zr to yield the resultant impedence of the submerged

squirter:

Z2=12 +32, (%)

The radiation impedance is expressed conveniently in terms of dimensionless
acoustic impedance ratios 6 aud x

Z. = A pc (6+ix) (5)

There is, admittedly, an inconsistency in combining radiation impedances com-
puted for h = O with transducer impedances based necessarily on sgquirters of
finite thickness (specifically, h = 0.2a). The resulting error tends to
boost the bundwidth and to shift the natural frequency of the submerged
transducer. The ring resonance of the submerged transducer is identified
here with the frequency for which the reactive component of Eq. 4 vanishes

szsxt+xr=o , forw=o (6)

It is coanvenient to write the impedance in the dimensionless form of an imped-
ance ratio., For this purpose the frequency w is expressed in terms of the
acoustic wave number k and of the radius a. Tt is noted that the dimension-
less in vacuo ring resonance (ka)nv corresponding to Eq. 2 simply equals the
velocity ratio, ct/c. Combining Eqs. L4 and 5 the impedance ratio cf the sub-

merged transducer becomes

2
¢
z nPt St 1 |
oo 6+:l[ap (czka"a)""d (7

The dimensionless natural frequency of the submerged shell is obtained by
setting the reactive component in Eq. 7 equal to zero:

(ka)n=?t(-gt%fa_‘ ).
ka=(ka)n

In our convention a massive reactance is negative, thus reducing the natural

Nl

(8)

frequency of the submerged transducer below its in vacuo value. For kL <1

S et it
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the ratio x/ka in Eq. 8 is a negative constant thus permitting a straightforward
calculation of the natural frequency from the transducer parameters and from
the X vs. ka curves in Ref. 9. With increasing kI, the ratio ,x[/ka decreases.
In fact, the slope agx]/a(ka) becomes negative. For large enough aspectratio
L/e, x will go through zerc and become & stiffness with increasing ka. Uuder
these conditions there exists the possibility ihat several resonances may
occur, Specifically, as ka increases, the resulting iucrease of the kinetic
energy stored in the shell can compensate the decrease in fluid kinetic energy
resulting from the negative slcpe of Ix vs. frequency. Thus, if x=0 for
kaz.ct/c, the shell will resonate at thej?%%quency in water and in vacuo. As
the frequency increases further and y bacomes stiffness-like, the submerged
shell can display higher natural frequencies submerged thar in vacuo. 1In fact,
there may be an entire frequency band where a near-resonant condition prevails.
For ct/c relatively small (equel to 2 as opposed to the value of 3 more
typical of transducer material) two, and eventually three resonances are en-
countered as L/a is increased. The natural frequencies were computed for two
values of ct/c’ as a function of L/a, for a thickness-tn-radius ratio
h/a = 0.2, and for the specific grav'‘y of Barium Titanate (pt/p = 5.36). For
the larger value of ct/c (Fig. 2) the ring resonance drors below its in vacuo
value of three to a minimum, end eventually rises back ©o its in vacuo value.
For ct/c = 2 the ring resonance again starts with its ia vacuo value. Additional
res O nances make their appearance (Fig. 3), onz of them tending to the in vacuo

ring resonance from above as L/a is increased.

B. The Squirter Resonances

The squirter resonance corresponds t¢ a maximum in the curve of the radiation
resistance vs. frequency. It tends to lie near the organ pipe resonances at
which the liguid column inside the squirter meesures an odd number of half

acoustic wavelengths,

(kza)r zi%;% , n=1, 2... (9)

Because of the end correction, the cbserved squirter resonance occurs at

3

somevhat lower frequencies. Merriweather” gives an empirical equatior fitting




his experimental squirter resonances:

_ 2n-1 jx
(ka),. = 2.5"1'H§L7_58 >'+' 1.052

. This equation generates frequencies which are in fair agreement with the
squirter resonances computed from Dun.an's theoretical results (Figs. 2 and 3).
The bandwidth of the resistance pesk centered on ka=(ka)r decreases with in-
creasing L/a, while the peak value of the resistance increases.

We are now in a position to evaluate the performance of a squirter as a
function of L/a.

IV. POWER AND BANDWIDTH

A. The Conductancaz

For a given excitation the acoustic power level is proportional to the

conductance defined as the real component of the admittance Z'l. In terms of

the impedance components in Eq. 2 the conductance can be written explicitly as
Re 2l - Re 2%/ 2 2
2
= R /IR + (x, + X)°] (10)

If dimensionless impedance ratios, rather than mechanical impedances are used,
the conductance ratio becomes

. - (1)

A low level of 9 is thus assoclated with small conductances, except at the
ring resonance of the submerged transducer. At this frequency the conductance
ratio reduces to

Re 2. g7l | ka = (xa) (12)

e, ».i..uﬂﬁ},f“"ﬁwd
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The conclusion that a small 6 produces a large conductance at the ring resonance
is valid provided the acoustic resistance ratio is significently larger than the
effective structural resistance ratlo 9t of the transducer. If this is not the
case, specifically for the low values of 6 predicted in Ref. 9 for small aspect
ratios L/a, Eq. 12 becomes

2

Apc _ 6 - < \
Re =3 5 - ka (ka)n, 0 << 6y (13)

%

The extremely low levels of 6 predicted in Ref. 9 for L/a < 107t correspond
to this situation.

B. Power level and Bandwidth

It has geunerally been assumed that it is desirable to make the squirter
resonance and the submerged ring resonance coincide, i.e. in the present nota-
tion, to make (ka)n = (ka)r (see, for example, Ref. 3, p. 24: "The ideal
arrangement for utilization of the squirter modes would be to choose a length-
to-radius ratio such that the squirter and redius ratio -oincide.") The cor-
responding conductance ratio is obtained by setting 6 = emax in Eq. 12:

Re 22 - (0 ), xa - (xa) = (ka)_ (14)

If the peak value 6 is large, i.e. for long squirters (L/a > 3/4), this
coincidence of ring and squirter resonances is only & desirable situation
provided certain other conditions, to be derived below, are satisfied. This
conclusion is borne out by the plots of conductance ratios for L/a = 0.8 in
Figs. 4 and 5. For ct/c = 3 (Fig. 4), there is a single ring resonance

ke = (ka)n vhich gives rise to a conductance meximmm corresponding to Eg. 12.
For the larger of the two squirter ratios in Fig. 4, a secondary conductance
maximum occurs in the vicinity of the squirter resonance ka = (ka)r. However,
emax is so large that the corresponding conductance is relastively small and
does not correspord to a peak. For ct/c = 2 (Fig. 5), at least one ring
resonance occurs below the squirter resonance. Once again, the large value of
emax achieved for the larger aspect ratio depresses the conductance curve near
ka ns(ka)r. In fact, this combination of ct/c and of L/a was selected to make

the middle of the three ring resonsances coincide exactly witn the squirter
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resonance. This particular combination of parameters illustrates the situation
discussed in Sec. III.a, whereby a near-resonant condition exists over a wide
frequency range. It thus appears feasible to adjust the parameters of a
squirter of large-aspect ratio so as to extend its bandwidtn over a wide near-
resonant frequency range eacompassing several structural resonances. The re-
quirement is that

x =0 for kamc,/c (15)

and

8?—?—37 = - 5—?:’;)- , ka = ct/'c (26)

or, using Eq. 7

2
hfPf% 1 3
a -5(3 (ka)2"+ l)z 3y P2 cg/c (1)

If Eq. 15 is satisfied, (ka)n ~ (ka)r Hence, even though coincidence of
squirter and ring resonance locally depresses the conductance vs. frequency
curve, a frequency range of high conductance can be achieved if Eqs. 16 and
17 are satisfied. Because of the error in radiation reactance resulting from
the assumption of vanishing wall thickness, we did not attempt to select
transducer parameters satisfying Eq. 17 exactly.

C. Conclusions

The conductance maxima, the frequency at which they occur, and their band-
width are tabulated below for the two squirter aspect ratios covered in Figs.

L and 5. Once again the squirter of small aspect ratio is not included,
because its peak conductance level and bandwidth are determiuned by its unpre-
dictable structural losses, and because its low conductance level makes it an
undesirable design.

The conclusions drawn from this study can now be summarized:

1. Short squirters (L/a < 0.1) are undesirable because they are character-
ized by a generally low conductance level resulting from their extremely low
radiation resistance. Even in the unrealistic case of a short squirter whose
structural losses are comparable to or smaller than its small radiation damping,

BT IAIES e e e o — - =
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the conductance peak associated with the ring resonance is high, but the band-
width is iwpracticably narrow.

2. Squirters of medium aspect ratio (L/a =~ 0.36) and large aspect ratio
(L/a ~ 0.80) can combine high conductance levels with wide bandwidths provided
the ring natural frequencies are properly selected: the medium aspect ratio is
suitable for a squirter of high in vacuo ring natural frequency (ct/ css3),
vwhile the large aspect ratio is more desirable when associated with a relatively
small in vacuo ring natural frequency (ct /c & 2). The introduction of inertia

13,14,15 provides a means of

masses t0 lower the in vacuo natural frequencies
adjusting this frequency.

3. A sguirter of large aspect ratio whose structural (ring) resonance
coincides with its squirter (acoustic) resonance produces a wide bandwidth, pro-~
vided the frequency derivatives of the radiation and transducer reactances sat-
isfy certain conditions. Specifically, the transducer parameters must be
selected to satisfy EBq. 17, thus causing the variations, with frequency, of
the transducer and fluid reactances to mutually compensate over a frequency

range where near-resonant conditions will thus be achieved.

Table

Maximum Conductance Ratio Level, Corresponding
Dimensionless Frequency, and Bandwidth

c,/c
t o 3
L/a
G.36 6.9 dB -0.2 dB Maximum Conductance
Ratio Level
1.5 2.5 ka of Maximum
Conductance
& Rak J -3 dB Bandwidth
0.8 .3 dB -1.9 dB -.5 dB Maximum Conductance
Ratio level
1.0 2.1 2.8 ka of Maximum
Conductance
13% suf 23% -3 dB Bandwidth

-10-
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The combination of acoustic impedances computed for squirters of vanishing
wall thickness with the structural impedarces of squirters of finite wall
thickness (h/a = 0.2) necessarily makes these conclusions qualitative rather
than quantitative. Furthermore, to find a truly optimal combination of L/a
and ct/ ¢ for a speciried center frequency and minimum bandwidth and conduct-
ance level requirements necessitates the evaluation of a sufficient number of
combirations of aspect ratio and dimensionless in vacuo natural frequencies
to permit the plotting of families of design curves. The present results do
however indicate that the computation of such curves is feasible, while the

procedure descrited in Ref. 9 indicates how the required radiation loading
curves can be computed.
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Fig. 1. Geometry of free-7looding cylindrical transducer.
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